Introduction
Water is an important component of many natural and man-made products. In agricultural grain production, moisture content is the single most important factor that determines the proper time for harvest, and optimum conditions for safe storage, and is also used in price determination. With the advent of precision farming and highly automated and computerized agricultural processes, there is a growing need to determine moisture content in real-time. Standard reference methods require oven-drying of a few samples under prescribed conditions for a few hours and sometimes days. These techniques are time-consuming and sometimes inadequate when large amounts of material are involved. Existing electronic meters, operating between 1 and 20 MHz, have been in use for many years, mainly because of their attractive price. However, the accuracy and repeatability of moisture measurement with these devices do not always meet the end-user expectations. For granular materials, such as grain and seed, these devices require separate calibrations for each grain and seed type and corrections for both density and temperature. They are limited to static sample testing and are not suitable for online sensing, or moving grain and seed. Their accuracy is questionable for high moisture contents and they are sensitive to kernel moisture distribution. Also, they may need recalibration occasionally because of seasonal or growing location differences. From a dielectric standpoint, all of these shortcomings can be attributed directly or indirectly to an overlapping of ionic conduction, Maxwell-Wagner polarization and bound water relaxation, which occur at frequencies range between 1 and 20 MHz. At microwave frequencies, most of these errorrelated sources are negligible and electrical measurements resulting from dipolar orientational polarization of the water molecules inside the material are directly correlated with moisture content.
In the late sixties, microwave sensors emerged as an effective tool for real-time and nondestructive sensing of moisture content in a variety of materials (Kraszewski, 1970) . However, the anticipated widespread use of these sensors was hindered by a variety of factors, including primarily cost and some technical issues. Recent developments in solid state and planar-circuit technologies provide a variety of inexpensive components operating at gigahertz frequencies. Moreover, technical difficulties related to the effect of bulk density changes on moisture accuracy, the need for individual calibration for each material, and the phase-shift ambiguity problem encountered in transmission-type sensors have all been studied. Novel calibration methods have been proposed to alleviate all of these shortcomings (Archibald et al., 1998; Bartley et al., 1998; Dashner and Knochel, 2003; Kent et al., 2000; Menke and Knochel, 1996; Trabelsi et al., 2000a; Trabelsi et al., 1998) . Therefore, there is a real opportunity to develop reasonably priced microwave moisture sensors for routine measurement of moisture content. Another, important characteristic of the grain and seed is the bulk density. Calibration methods for simultaneous and independent determination of bulk density and moisture content from measurement of the two components of the complex permittivity has been proposed .
In this paper, a prototype microwave sensor operating at 5.8 GHz and assembled with relatively inexpensive, off-the-shelf components is proposed. The sensor is based on the free-spacetransmission measurement technique of the two components of the complex permittivity. The free-space principle was selected because it is nondestructive, and the measurements can be performed remotely without physical contact with the material. Free-space based sensors can be easily implemented for on-line measurements in many industrial configurations, in hand-held devices, and in laboratory-type instrumentation. The sensor presented in this paper measures the attenuation and phase shift caused by the sample at a single frequency, from which the dielectric properties are computed, assuming that a plane wave is propagating through a lowloss material . The dielectric properties are represented here by the dielectric constant, ε′, and dielectric loss factor, ε″. To ensure that the sensor prototype provides accurate measurement of these properties, the results obtained for wheat and soybeans were compared to those measured in free space with a Hewlett-Packard 1 8510C vector network analyzer (VNA) and a pair of horn-lens antennas (Trabelsi and Nelson, 2003) . Data collected with the sensor prototype are in good agreement with those collected with the VNA. Once the dielectric properties were measured, several calibration algorithms can be used to determine simultaneously and independently bulk density and moisture content of grain and seed samples. The first calibration algorithm allowed simultaneous determination of bulk density and moisture content from measurement of ε′ and ε″.
The second calibration algorithm was developed based on a complex-plane representation . It allows bulk density determination from ε′ and ε″ without knowledge of the moisture content and temperature of the sample. Finally, a unified calibration algorithm is used to determine moisture content from the measurement of the dielectric properties, independent of bulk density and independent of the kind of material Trabelsi et al., 1999) . Calibration equations for bulk density and moisture content prediction from dielectric properties measurement are given along with corresponding standard errors of calibration.
Materials and Methods

Sensor Prototype
The prototype microwave moisture sensor is shown schematically in figure 1. It is composed of a voltage-controlled oscillator, isolator, power splitter, two high-gain (19-dBi) microstrip patch antennas facing each other, followed by an attenuation and phase detector, which was connected to a laptop computer through a multichannel single-ended BNC connector box. All of these components are off-the-shelf items. The sample to be characterized was poured into a Styrofoam container of rectangular cross section and placed between the microstrip patch antennas. As the electromagnetic wave propagates through the sample, it experiences energy loss and velocity decrease, which quantitavely are measured as attenuation and phase shift by comparing the difference between the reference level without the sample and after the sample is poured into the Styrofoam sample holder. Two voltages V 1 and V 2 (figure 1) are measured first with an empty sample holder between the two antennas and then again with the sample in the sample holder. From these voltages, the attenuation and phase shift caused by the sample are determined, and the two components of the complex permittivity, ε′ and ε″, are calculated assuming plane wave propagation through a low-loss material (ε″<<ε′):
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, ϕ is the measured phase angle in degrees, n is an integer to be determined, c is the speed of light in m/s, and d is the sample thickness in m. The attenuation A is expressed in dB. For determination of n, a routine that selects the proper n value (Trabelsi et al., 2000b) was embedded in the algorithm for ε′ and ε″ computation. Because the sensor principle is based on free-space measurement of the dielectric properties, the challenge was to measure accurately these properties with such a device. To check the performance of the measurement arrangement, measurements were performed on a material of known dielectric properties. A planar, square, 2-cm thick, sheet of the Rexolite 1422 (30.5cm x 30.5cm x 2 cm) was placed midway between the transmitting and receiving antennas, perpendicular to the incident beam, and attenuation and phase shift were measured at 5.8 GHz and 24 o C (room temperature). A value of 2.57 for the dielectric constant (ε′) was obtained, which compares very well with the reference value of 2.53 measured in the frequency range from 2.45 to 22 GHz (Nelson and You, 1990) .
Grain and Seed samples
Samples of wheat, Triticum aestivum L., and soybeans, Glycine max (L.) Merill, were conditioned to different moisture contents and kept in a chamber at 4 o C for at least three days to equilibrate. Samples were stirred several times to aid the even distribution of moisture. Before microwave measurement, samples of wheat or soybeans were moved to a chamber for which temperature was set at 24 o C and kept for 24 hours. For each material, each sample of given moisture content was taken out of the 24-o C chamber, and measurements were carried out with the sensor prototype at three different densities ranging from loosely packed to compacted by settling the sample on a wooden bench. Taking measurements over the wide density range simulates variations of bulk density encountered during measurements on flowing or moving materials in pipes, chutes, or on conveyor belts. The sample bulk density, ρ, was calculated by dividing the sample weight by the inside volume of the Styrofoam container.
After the microwave measurements were completed, the sample temperature, T, was determined with a digital thermocouple thermometer. The moisture content, M, of each sample was determined according to standard oven-drying procedures (ASAE, 2000) . All of the physical characteristics (ρ, M and T) of each sample were assumed to be the same throughout the entire volume of the sample. Table 1 shows the physical characteristics of the samples used in this study. Figure1. Schematic diagram of microwave moisture sensor prototype. 
Bulk Density and Moisture Content Calibration Algorithms Simultaneous Prediction of Bulk Density and Moisture Content from Dielectric Properties Measurement
As a first step, results of wheat and soybean dielectric properties measurements with the sensor prototype were compared to those obtained with a Hewlett-Packard 8510C vector network analyzer and a pair of horn-lens antennas (Trabelsi and Nelson, 2003) . Figures 2 and 3 show variations of the dielectric constant and the dielectric loss factor, each divided by bulk density, with moisture content. Both increase with moisture content. Figures 2 and 3 show that data obtained with the sensor prototype are superimposed on those obtained with the vector network analyzer. These results demonstrate that a high level of accuracy can be achieved in dielectric properties measurements with a sensor built with inexpensive, off-the-shelf components.
Linear regressions of the form:
were used to fit the data obtained for the sensor prototype. These equations provide explicit relationships between the dielectric properties of wheat and soybeans and their respective bulk density and moisture content. The system of equations (3) -(4) allows the simultaneous determination of bulk density and moisture content from measurements of the dielectric properties at a single frequency and at a given temperature. Solving (3) and (4) Equations (5) and (6) are bulk density and moisture content calibration equations. Regression constants and coefficient of determination are given in table 2.
To evaluate the performance of each calibration equation in predicting bulk density and moisture content from measurement of the dielectric properties at a single frequency, the standard error of calibration (SEC) was calculated. The SEC is defined as:
where l is the number of samples, p is the number of variables in the regression equation with which the calibration is performed, and ∆e i is the difference between the predicted value and that determined by a standard method for the ith sample. SEC values for wheat and soybeans are shown in table 2. 
Determining Bulk Density from a Complex-plane Representation
The complex-plane representation (Argand diagram) of the dielectric properties, also known as a Cole-Cole plot, is often used to analyze the behavior of dielectric materials (Hasted, 1973) . In this paper, the dielectric loss factor divided by bulk density is plotted against the dielectric constant divided by bulk density for samples of different moisture contents. Figure 4 shows Argand diagrams for wheat and soybeans. In this representation, at a given frequency, data collected for each material at different moisture contents are aligned along the same straight line . The x-axis intercept for each material represents the dielectric properties divided by bulk density for a sample with zero moisture content or that corresponding to a sample of any moisture content at the "freezing" temperature of bound water. For each material, a linear regression provides the following relationship between the dielectric properties and bulk density:
where f a is the slope of the line and k is the x-axis intercept. f a is dependent on frequency alone (Trabelsi et al., 1998a) . At a given frequency, bulk density can be determined from measurement of the dielectric properties directly from equation (8) With bulk density calibration equation (5), equation (9) constitutes the second possible way to determine bulk density of grain and seed from measurement of their dielectric properties. However, equation (9) has the advantage of providing the bulk density without knowledge of moisture content and temperature of the sample Trabelsi et al., 2001) . Table 4 gives the regression coefficients and the coefficients of determination corresponding to equation (9) Values of SEC for bulk density prediction from dielectric properties measurement of wheat and soybeans are the same as those found with the previous algorithm.
Unified Calibration Algorithm for Moisture Determination from Dielectric Properties Measurement
Once ε′ and ε″ are determined from the measurements, a density-independent and materialindependent calibration function ψ is calculated as follows Trabelsi et al., 1999) :
where a f is the slope determined for each material from the complex-plane representation shown in figure 4 . The slope was 0.514 for wheat and 0.559 for soybeans. Figure 5 shows the variation of ψ with moisture content for wheat and soybeans. For both materials, ψ increases linearly with moisture content, M, and, as expected, data corresponding to wheat and soybeans are superimposed . A linear regression provided the correlation between ψ and moisture content:
Linear regressions were used to fit the data individually for wheat and soybeans and then the two data sets were combined. Regression statistics and coefficient of determination are provided in table 4. (11), moisture content in either material can be determined as follows:
Values of the SEC for moisture content prediction from individual calibration equations and from a unified calibration equation are provided in table 4. They are of the same order and in all cases smaller than the SEC value found with the use of the first algorithm. It is obvious that the use of the unified algorithm is more advantageous since it allows moisture content determination in materials of different kind and independent of bulk density changes from a single calibration equation. 
Conclusions
A low-cost microwave moisture sensor for real-time, nondestructive determination of bulk density and moisture content in granular and particulate materials has been assembled and tested. Measurement results on wheat and soybeans are promising and indicate that bulk density can be predicted with less than 2% in relative error and that moisture content can be predicted from dielectric properties measurements with a single calibration equation with a standard error of calibration of 0.5%. The low price and simplicity of use of the proposed sensor will provide a new opportunity for widespread integration of microwave sensing technology in numerous industries including food and agriculture, pharmaceutical, mining, and construction.
